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sively	 h omogenized	 across	 the	 lake.	 Our	 study	 demonstrates	 the	 drastic	 genetic	
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1  | INTRODUCTION
Wildlife	 translocation	programs	 involving	captive	breeding	are	com-




ulation	 declines	 and	 biological	 invasions	 (Laikre,	 Schwartz,	Waples,	
Ryman,	&	Ge,	2010).	 In	addition,	several	genetic	 issues	might	affect	
the	 success	 of	 captive	 breeding	 programs	 (reviewed	 in	 Frankham,	










the	wild,	as	well	as	 losses	of	genetic	diversity	due	 to	a	 reduction	 in	
effective	population	size	 (Ne)	 (e.g.,	Allendorf,	Berry,	&	Ryman,	2014;	
Allendorf,	Luikart,	&	Aitken,	2012;	Hansen,	Nielsen,	Ruzzante,	Bouza,	
&	Mensberg,	 2000;	 Ryman	 &	 Laikre,	 1991;	Wang	 &	 Ryman,	 2001;	
Waples	 &	 Do,	 1994).	 Moreover,	 introgressive	 hybridization	 with	









2000;	 Laikre	&	Rymand,	1996;	Laikre	et	al.,	 2010).	Numerous	 stud-
ies	documented	extensive	genetic	homogenization	of	native	popula-
tions	due	to	large-	scale	interbreeding	with	hatchery	strains	(e.g.,	Araki	





Note	 that	 under	 certain	 circumstances	 genetic	 diversity	 can	 locally	
increase	when	 new	 alleles	 are	 introduced	 by	 allochtonous	 individu-
als,	 eventually	 leading	 to	 outbreeding	 depression	 as	 adapted	 gene–
gene	 or	 gene–environmental	 interactions	 are	 disrupted	 (Allendorf,	
Leary,	Spruell,	&	Wenburg,	2001;	Bougas,	Audet,	&	Bernatchez,	2010;	




In	 contrast,	 supportive	 breeding	 strategies	 using	 annually	 col-
lected	 native	 broodstock	 (gametes)	 and	 the	 implementation	 of	
protocols	 accounting	 for	 broodstock	 numbers,	 relatedness,	 sex-	
ratio,	 and	 life-	history	 traits	 can	minimize	 such	 adverse	 effects	 (e.g.,	
Eldridge	 &	 Killebrew,	 2008;	 Fraser,	 2008;	 Hess	 et	al.,	 2012;	 Milot,	
Perrier,	Papillon,	Dodson,	&	Bernatchez,	2013;	Wang	&	Ryman,	2001;	
Wedekind,	2002).	Two	 types	of	 supportive	breeding	are	usually	 ap-
plied,	involving	either	offspring	from	wild	caught	individuals	or	prog-




comprehensively	 monitored	 the	 long-	term	 genetic	 consequences	












&	Wedekind,	 2012;	Taylor,	 1991).	Accordingly,	 they	 often	 exhibit	 a	








cold	water	 salmonid.	This	 species	demonstrates	a	high	potential	 for	
local	adaptation,	which	can	lead	to	genetically	and	ecologically	diver-
gent	sympatric	morphs	(Corrigan	et	al.,	2011;	Gomez-	Uchida,	Dunphy,	
O’Connell,	 &	 Ruzzante,	 2008;	 Skoglund,	 Siwertsson,	 Amundsen,	 &	
Knudsen,	 2015;	Westgaard,	 Klemetsen,	 &	 Knudsen,	 2004).	 For	 in-
stance,	up	to	four	sympatric	morphotypes	are	found	in	the	single	lake	
Thingvallavatn	 in	 Iceland	 (Sandlund	 et	al.,	 1992).	The	Arctic	 charr	 is	
native	to	Lake	Geneva	(Switzerland/France),	which	corresponds	to	the	






The	Arctic	 charr	 population	 of	 Lake	 Geneva	 provides	 a	 unique	
opportunity	 to	 document	 the	 genetic	 impact	 of	 both	 traditional	
stocking	 and	 supportive	 breeding	 strategies	 in	 a	 spatiotempo-
ral	 framework.	At	 the	 end	 of	 the	 1970s,	 a	massive	 restocking	 pro-
gram	was	 initiated,	 first	based	on	allochtonous	eggs	 imported	 from	
Denmark	(~600,000	domestic	juveniles	released	from	1979	to	1982;	
Rubin,	 2005;	 Champigneulle,	 comm.	 pers.)	 and	 then	 followed	 by	 a	
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conserv a tion-	orientated	 strategy	 restricted	 to	 juveniles	 obtained	
from	ar t ificially	 fertilized	eggs	of	wild	 spawners	 from	 the	 lake.	The	
latter	involved	an	increasing	amount	of	yearly	releases,	from	150,000	
in	 the	1980s	 to	1,600,000	 at	 present	 (Champigneulle	&	Gerdeaux,	




















results 	 have	 strong	 relevance	 for	 the	design	of	 future	management	
strategies	for	this	species.
2  | METHODS
2.1 | Sampling and DNA extraction
















after	 t h e	 beginning	 of	 the	 stocking	 program	 in	 1979	 (1986–1994,	
n	=	99	from	five	series,	coded	in	red).
DNA	was	extracted	with	the	Qiagen	BioSprint	96	extraction	robot	
(contem p orary	 samples)	 or	 the	 Qiagen	 DNAeasy	 Blood	 &	 Tissue	
Extraction	kit	(historical	samples).	Historical	samples	(~10	scales	per	
individ u al)	were	 processed	 in	 a	 separate	 laboratory	 dedicated	 only	
Site Latitude Longitude Code Date n
Contemporary	samples
Chillon 46.4140 6.9249 CCH December	2009 20
La	Veraye 46.4250 6.9160 VCH December	2009 20
Bay	of	Montreux 46.4363 6.9015 MCH December	2009 20
Bouveret 46.3942 6.8485 BCH December	2009 20
Yvoire 46.3737 6.3265 YF December	2009 20
Ripaille 46.3957 6.4718 RF December	2009 20
Locum 46.4049 6.7588 LF December	2009 19
Meillerie 46.4113 6.7216 MFa December	2009 20
MFb February	2010 20
Fish	farm	of	Vouvry 46.2983 6.9080 FVCH 2007 19
Fish	farm	of	Rives 46.3663 6.4801 FRF 2007 20
Historical	samples
Ripaille 46.3957 6.4718 RF63 1963 12
RF91 1991 20
Locum 46.4049 6.7588 LF77 1977 12
LF86 1986 20
LF94 1994 20


































allele	 frequencies	with	 PCAgen	 (Goudet,	 2002),	 testing	 for	 the	 sig-
nificance	of	axes	by	10,000	permutations.	Second,	we	calculated	pair-
wise	genetic	differentiation	(Fst)	in	Fstat,	and	used	TreeFit	(Kalinowski,	
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3  | RESULTS
3.1 | Microsatellite variability
Our	microsatellites	were	 highly	 polymorphic	 in	 the	 studied	 popula-
tion,	 with	 an	 average	 heterozygosity	 (Ho)	 of	 0.65	 among	 spawning	
sites	 (0.16–0.95)	and	a	 total	number	of	alleles	per	marker	 (k)	of	15	
(5–29).	Signs	of	null	alleles	or	allele	dropouts	were	detected	 in	only	





resulting	 from	drift,	 rather	 than	dropout	 due	 to	degraded	historical	
DNA.	Details	on	each	locus	are	provided	in	Table	S2.




Fst	were	 slightly	 higher	 after	 (1980–1990s;	Fst	=	0.022	±	0.007,	 sig-
nificantly	departing	from	0	in	seven	out	of	ten	comparisons)	than	be-






historical	ones;	Figure	1b)	and	 the	 tree	of	genetic	distance	 (shorter,	
closely-	related	branches	for	contemporary	samples;	Fig.	S1).
We	detected	 some	 genetic	 differentiation	 between	present	 and	
original	 fishes	 (i.e.,	 prior	 stocking)	 (Fst	=	0.020	±	0.012,	 departing	
from	 0	 in	 13	 of	 44	 comparisons;	 Figure	2	 right).	 The	 displacement	










3.3 | Patterns of genetic diversity
Allelic	 richness	 (Ar,	 scaled	 to	 nine	 individuals)	 and	 observed	 het-
erozygosity	(Ho)	were	significantly	lower	in	the	early	years	of	stock-
ing	(Ar	=	4.6	±	0.56,	Ho	=	0.57	±	0.05)	than	prior	to	it	(Ar	=	5.8	±	0.36,	




excesses	 of	 heterozygotes	 compared	 to	 HWE	 in	 three	 of	 five	 in-
stances	(Figure	3c).	Fishes	collected	from	the	two	hatcheries	featured	
similar	levels	of	diversity	that	fishes	collected	in	the	lake	(for	FVCH,	
Ar	=	6.6,	 Ho	=	0.70;	 for	 FRF,	 Ar	=	5.9,	 Ho	=	0.67),	 but	 one	 hatchery	
(FVCH)	 shows	a	clear	deficit	of	heterozygotes	 (Fis	=	0.124,	 the	only	
contemporary	site	with	a	significant	Fis).


























































































habitat	 recovery.	Our	 results	provide	new	 insights	about	 the	contro-
versy	of	these	practices.	Importantly,	these	findings	are	based	on	wild	
spawners,	effectively	contributing	to	the	next	generation.
4.1 | Genetic effects of the traditional restocking 
program (1979–1982)
















likely	 reflects	 a	 situation	where	many	 fishes	are	 the	product	of	 ad-
mixture	 between	 exotic	 and	 local	 fishes	 (as,	 e.g.,	Gharrett,	 Smoker,	
Reisenbichler,	&	Taylor,	1999;	Le	Cam	et	al.,	2015;	Valiquette,	Perrier,	
Thibault,	&	Bernatchez,	2014),	which	may	have	induced	outbreeding	
depression	 (breakdown	 of	 co-	adapted	 interactions;	 Allendorf	 et	al.,	
2001;	Edmands,	2007;	Bougas	et	al.,	2010).	Given	that	Arctic	charrs	





significant	 Fst	 estimates,	 Figure	2	 right).	 Unfortunately,	 the	 Danish	
source	populations	no	longer	exist	and	no	scale	sample	of	the	stock	
fish	is	available,	which	would	have	enabled	to	estimate	their	related-
ness	 with	 Swiss	 fishes	 and	 get	 better	 insights	 into	 patterns	 of	 hy-
bridization.	Third,	another	detectable	effect	is	the	increase	in	overall	














especially	 during	 reproduction	 (e.g.,	 Blanchet,	 Paez,	 Bernatchez,	 &	
Dodson,	2008;	Flemming,	Lamberg,	&	Jonsson,	1997;	Hansen	et	al.,	










inal	 near-	panmixia	 thus	 seem	 in	 contradiction	with	 the	well-	known	
homing	behavior	of	salmonids	(Westgaard	et	al.,	2004)	and	could	be	

















components F % variation
Among	periods 28.8 0.051 0.019 1.9
Among	sites	
within	period
59.8 0.023 0.009 0.9
Within	sites 1935.7 2.630 0.027 97.2
F	statistics	(fixation	indices)	correspond	to	Fst	(among	sites	among	periods),	
Fsc	(among	sites	within	periods),	Fct	(among	periods).
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by	 federal	 law),	 have	 been	 clearly	 demonstrated	 (see	 Introduction),	
and	our	study	brings	further	support.	In	contrast,	conservation-	based	
strategies,	involving	supplementation	by	local	fishes	are	less	contro-









&	Von	Bargen,	 2009;	 Stelkens	 et	al.,	 2012).	 In	 some	 cases,	 genetic	
diversity	was	even	found	to	increase	following	such	restocking	prac-
tices,	when	 lake	populations	are	highly	structured	spatially	and	may	














since	 spread	 throughout	 the	 lake	 and	were	 thus	more	 exhaustively	
sampled	recently.
On	 the	other	hand,	 the	 continuous	 restocking	 clearly	 led	 to	 the	
rapid	and	strong	homogenization	of	the	lake’s	population	(toward	null	
Fst):	 even	 if	 the	 original	 genetic	 structure	was	 low	 to	 begin	with,	 it	
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restocking	strategies,	notably	by	representing	as	many	natural	spawn-
ing	 sites	 among	 artificially	 reared	broodstocks,	 and	 controlling	 their	
releases	at	their	site	of	origins	only.
Many	 studies	 have	 analyzed	 the	 genetic	 changes	 in	 restocked	
fish	populations	in	space	and	time,	exploiting	historical	samples	(e.g.,	
Gow	 et	al.,	 2011;	 Gum,	 Geist,	 Eckenfels,	 &	 Brinker,	 2014;	 Hansen,	
2002;	 Heggenes	 et	al.,	 2006;	 Nielsen	 et	al.,	 1999;	 Perrier	 et	al.,	
2013).	However,	to	the	best	of	our	knowledge,	our	study	is	the	first	
to	provide	the	opportunity	and	the	resolution	to	understand	how	the	
shift	 in	 restocking	 strategies	 influenced	 the	 genetic	 composition	 of	
populations.	We	 show	 that	 the	Arctic	 charr	 responded	 significantly,	
and	very	rapidly	to	these	changes,	possibly	also	due	to	the	high	inten-
sity	of	stocking	(which	correlates	to	the	amount	of	genetic	changes;	
Valiquette	 et	al.,	 2014),	 and	 the	 important	 contribution	 of	 stocked	
fishes	in	the	population	(45%–90%	depending	on	age	class;	Caudron	
et	al.,	 2014).	 Importantly,	we	 also	 show	 that	 the	 diversity	 drop	 and	
genetic	 displacement	 induced	 by	 nonlocal	 stocking	 can	 be	 (at	 least	
partly)	reversible	with	local	supportive	breeding.	Given	the	improve-
ment	of	restocking	practices,	combined	with	the	growing	need	to	ar-












its	purpose	up	until	 the	mid-	1990s,	with	 the	number	of	catches	 in-
creasing	 proportionally	 to	 the	 restocking	 effort	 (Champigneulle	 &	
Gerdeaux,	 1995).	 However,	 the	 situation	 drastically	 changed	 from	
1999	onwards:	Both	professional	and	recreational	catches	severally	
dropped	 and	 the	 population	 appears	 no	 longer	 sustainable.	 Several	
factors	were	proposed	to	account	for	this	unexpected	decline,	includ-








recovery,	 especially	 at	 spawning	 sites,	were	 successfully	 performed	
across	the	lake,	so	this	should	not	be	a	contributing	factor	of	current	
decline	(Caudron	et	al.,	2014;	Rubin,	2005).
Thus,	 from	our	 results,	 the	 genetic	 factors	 could	 be	 one	 plausi-
ble	cause.	First,	although	diversity	seems	back	to	its	original	level,	the	
altered	genetic	composition	and	strong	homogenization	we	observe	
across	 the	 lake	might	have	diminished	the	 fitness	of	 fishes,	 through	
maladaptation	and	outbreeding	depression	following	admixture	(e.g.,	
Le	Cam	et	al.,	2015).	This	effect	may	be	exacerbated	in	stocked	fishes,	
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effects.	First,	 restocking	should	be	carried	out	 locally,	 that	 is,	by	re-
leasing	fishes	at	their	spawning	sites	of	origin,	in	order	to	limit	homog-
enization.	 In	Lake	Geneva,	 releases	are	conducted	 independently	 to	
the	place	of	egg	collection.	Moreover,	it	should	especially	not	involve	
strains	 from	 surrounding	 lakes,	 as	 commonly	 practiced	 elsewhere	





Our	 study	 presents	 a	 comprehensive	 genetic	 survey	 reporting	 the	
long-	term	 effects	 of	 two	 different	 stocking	 practices	 of	 the	 Arctic	
charr	 in	Lake	Geneva,	 applied	 in	 turns.	Our	 fine	 spatial	 and	 tempo-
ral	 resolutions	allowed	 to	dissect	 the	detrimental	 genetic	effects	of	
historical	restocking	by	nonlocal	fishes,	 in	accordance	with	previous	
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